Abstract Glioblastoma multiforme is the most malignant tumor of the brain and is challenging to treat due to its highly invasive nature and heterogeneity. Malignant brain tumor displays high metabolic activity which perturbs its redox environment and in turn translates to high oxidative stress. Thus, pushing the oxidative stress level to achieve the maximum tolerable threshold that induces cell death is a potential strategy for cancer therapy. Previously, we have shown that gap junction inhibitor, carbenoxolone (CBX), is capable of enhancing tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) -induced apoptosis in glioma cells. Since CBX is known to induce oxidative stress, we hypothesized that the addition of another potent mediator of oxidative stress, powerful SOD mimic MnTnBuOE-2-PyP 5+ (MnBuOE), could further enhance TRAIL-driven therapeutic efficacy in glioma cells. Our results showed that combining TRAIL + CBX with MnBuOE significantly enhances cell death of glioma cell lines and this enhancement could be further potentiated by CBX pretreatment. MnBuOE-driven cytotoxicity is due to its ability to take advantage of oxidative stress imposed by CBX + TRAIL system, and enhance it in the presence of endogenous reductants, ascorbate and thiol, thereby producing cytotoxic H 2 O 2 , and in turn inducing death of glioma cells but not normal astrocytes. Most importantly, combination treatment Electronic supplementary material The online version of this article
significantly reduces viability of TRAIL-resistant Asian patient-derived glioma cells, thus demonstrating the potential clinical use of our therapeutic system. It was reported that H 2 
Introduction
Trail Glioblastoma multiforme (GBM) is the most malignant tumor of the brain. Specific tumor targeting has posed some treatment challenges due to its highly invasive nature and heterogeneity. Human mesenchymal stem cells (MSCs) have been employed as potential carriers of therapeutic agents due to their inherent ability to migrate towards tumor cells [1] . Genetically modified MSCs with interferon-β have been shown to augment antitumor effect and prolong the survival of glioma-bearing animals [2] . Likewise, MSCs derived from the umbilical cord blood, with or without activation by a series of cytokines such as interleukin-2, interleukin-15, granulocyte macrophage colony-stimulating factors, have also been shown to be cytotoxic to human glioma cells but not to normal brain cells [3] . Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-expressing MSCs have also been shown to elicit significant anti-tumor effect in models of lung and cervical cancer [4] , as well as brain cancer [5] . TRAILmodified MSCs are capable of clearing lung metastases in the treated animals when compared to non-treated animals [6] .
Carbenoxolone, CBX In our previous study, we have shown that dual arm therapy using TRAIL-modified MSCs in the presence of a gap junction inhibitor CBX could significantly prolong the survival of intracranial glioma bearing mice [7] . One of the underlying mechanisms of CBX is attributed to its capability to upregulate the expression of TRAIL death receptor, DR5 (TRAIL-R2). Increase in DR5 expression has been reported in many studies that explore the use of therapeutic compounds, such as curcumin [8] , protease inhibitors MG132 [9] and lipoxygenase inhibitor MK886 [10] , to enhance efficacy of TRAIL. It has also been demonstrated that upregulation of DR5 could be mediated through induced oxidative stress which in turn, activated the CCAAT/enhancer-binding protein homologous protein (CHOP) [9, 10] . Similarly, CBX has also been reported to induce oxidative stress through the production of reactive oxygen species in neurons [11] , as well as in liver and brain mitochondria [12, 13] .
Mn Porphyrins
We have developed cationic Mn(III) ortho isomeric N-substituted pyridylporphyrins (MnPs) as SOD mimics [14, 15] . Over years we have shown that they are also the most potent peroxynitrite scavengers [15] . We have further shown that while their actions in vivo may be not limited to SOD mimicking (see below), their SODlike activity parallels their therapeutic potency for the reasons detailed in recent reviews [14, 15] . In brief, their redox-properties and charge are tuned to be optimized for redox cycling with redox-active components of cellular metabolism. We have also shown that their therapeutic effects are in large part controlled by their bioavailability. Due to pentacationic charge those compounds are hydrophilic. In an effort to increase their lipophilicity and in turn mitochondrial accumulation as well as transport across the blood brain barrier, first a lipophilic MnTnHex-2-PyP 5+ was developed. Its structure was subsequently modified with the goal to suppress its micellar properties and in turn its toxicity [14, 16] . The oxygen atoms were introduced into alkyl pyridyl chains of MnTnHex-2-PyP
5+
. As a result of such synthetic approach, Mn(III) mesotetrakis(N-n-butoxyethylpyridinium-2-yl) porphyrin, MnTnBuOE-2-PyP 5+ (BMX-001, MnBuOE) emerged as less toxic while still a compound lipophilic enough, with nearly identical and preferential mitochondrial over cytosolic accumulation [14, 16] . All aspects of the work done on this compound are summarized in Scheme 1.
MnBuOE has been successfully tested in numerous cellular and animal models. Its heart and brain mitochondrial accumulation, as well as its plasma and organ pharmacokinetic profiles have been established. Its radioprotective properties on salivary glands, mouth mucosa and normal brain have been demonstrated [14, 17, 24] . Moreover, the differential effects of this and analogous cationic Mn(III) meso-tetrakis(Nethylpyridinium-2-yl)porphyrin, MnTE-2-PyP 5+ (BMX-010, A E O L 1 0 11 3 ) a n d M n ( I I I ) m e s o -t e t r a k i s ( N -nhexylpyridinium-2-yl)porphyrin, MnTnHex-2-PyP 5+ on normal vs cancer tissue have been reported and are based on the differential redox environments of those tissues. Indeed while radioprotection of normal brain was demonstrated, the tumor radiosensitization was shown in a sc mouse xenograft model of human glioma cell line D 245-MG [24] . Further, in a cellular lymphoma model MnBuOE enhanced the cytotoxic effect of dexamethasone [25] [26] [27] , while, MnTE-2-PyP 5+ enhanced the cytotoxic effect of ascorbate in a 4T1 mouse sc flank tumor model [28] . MnBuOE has successfully passed safety/toxicity studies both in mice and in non-human primates [Gad, Spasojevic, Crapo et al., unpublished, [22] ]. Due to such dual role of MnPs and the therapeutic effects demonstrated in rodent models, NIH funding has been secured for Phase I/II Clinical trials on radioprotection of salivary glands and mouth mucosa with head and neck cancer patients and on radioprotection of normal brain tissue with glioma patients (first patients are expected beginning January 2016). [25, 26] . The oxidative modifications of protein thiols led to their concomitant inactivation. For such reasons and based on its potential in treatment of glioma patients, we have chosen to see if MnP will enhance the cytotoxicity of TRAIL + CBX and if this will not been suppressed, but rather enhanced, with major endogenous cellular reductans, ascorbate and thiols. Thiols were exemplified herein with Nacetylcysteine, NAC. NAC is frequently used as a mechanistic tool in in vitro and in vivo studies. Depending upon the cellular redox environment, NAC can act as either proor antioxidant [31] [32] [33] [34] [35] [36] ; both aspects are also demonstrated in this study.
Scheme 1 Major therapeutic effects, as well as the other aspects of development of Mn(III) meso-tetrakis(N-nbutoxyethylpyridinium-2-yl)porphyrin, MnTnBuOE-2-PyP 5+ (MnBuOE, BMX-001), that guided its Clinical development [14, [16] [17] [18] [19] [20] [21] [22] [23] [24] Clinical Relevance of our Study This study has a strong clinical relevance. A number of compounds, including H 2 O 2 , sensitize TRAIL-resistant gliomas [37] . We therefore aim here to show that our treatment (having production of H 2 O 2 in its essence) will overcome resistance to TRAIL frequently seen with Asian gliomas. Ascorbate has already been in Phase I Clinical Trials in its own right [38, 39] . Its oxidation, catalyzed by endogenous metalloproteins resulting in cytotoxic H 2 O 2 production, was proposed as its mode of action. However, we have shown that cationic Mn(III) ortho N-substituted pyridylporphyrins, one of which will be used herein, are superior to endogenous metalloproteins as they are optimized as catalysts for ascorbate oxidation [30, 40] . Thus, such MnPs are prospective for clinical development as enhancers of ascorbate/H 2 O 2 driven cancer cell killing. CBX is clinically approved for the treatment of esophageal ulceration [41] , and different natural compounds as sulfur donors, such as garlic components [42] , disulfiram [43] , or even the simpliest thiol, H 2 S, bear therapeutic potential [44] . MnBuOE, which we used herein, has excellent safety profile, and shows excellent radioprotection in preclinical studies [14, 15, 24, 45] . It is therefore entering Clinical Trials at Duke Cancer Institute on glioma and head & neck cancer patients as a radioprotector of normal tissue (normal brain, salivery glands and mouth mucosa) while radiosensitizing tumors. Meanwhile, we have shown that ascorbate when combined with MnBuOE and radiation enhances significantly tumor suppression (in a mouse sc flank model of 4T1 mammary carcinoma) when compared with MnBuOE + radiation treatment [46] . We thus expect that introduction of ascorbate into Clinical Trials to be straightforward due to the successful testing of ascorbate alone in Phase I Clinical Trials on pancreatic cancer [39] . Based on the data obtained herein, we believe that successful therapeutic modalities studied herein (CBX + TRIAL + MnBuOE + ascorbate) bear potential to be translated into Clinical Trials also.
Materials and Methods

Cell Lines and Reagents
This study has been approved by the SingHealth Centralized Institutional Review Board, Singapore. Human glioma cells Gli36 expressing a constitutively active variant of EGFRvIII (denoted as ΔGli36 cells are kindly provided by Esteves MS, University of Massachusetts) were cultured as previously described [47] . Human glioblastoma cell lines Gli36 (kind gift from A.T. Campagnoni, UCLA School of Medicine, Los Angeles), U87MG (American Type Culture Collection, Rockville, MD, USA) were cultured in DMEM supplemented with 10 % fetal bovine serum (FBS) (Hyclone Laboratories), 100 U/ml penicillin/streptomycin (Invitrogen Life Technologies), 2 mM L-glutamine (Sigma-Aldrich).
Immortalized normal human astrocytes (iNHA) that overexpress E6, E7, and human telomerase reverse transcriptase (hTERT) were kindly provided by R.O. Pieper (University of California, San Francisco, CA) and was cultured in DMEM supplemented with 10 % FBS, 0.5 μg/ml puromycin (Invivogen, San Diego, CA), 25 μg/ml blasticidin and 1.25 μg/ml fungizone (Life Technologies, Grand Island, NY). The identity of the cells was authenticated by short tandem repeats profiling. Asian primary GBM lines, GBM8401, GBM8901 and G5T/VGH were purchased from Food Industry Research and Development Institute, Bioresource Collection and Research Center (Hsinchu, Taiwan), and were cultured as previously described [7] .
Isolation of primary glioma cells NNI23 (Age: 60, Sex: F) from local GBM patients were performed, after informed consent, as follows. In brief, brain tumor specimens, from patients undergoing tumor resection surgery, were cut into smaller pieces and washed thoroughly with phosphate-buffered saline (PBS) prior to be digested with 0.25 % Trypsin at 37°C for 30 min with constant stirring. Equal volumes of Astrocyte Growth Medium (AGM; Lonza, Basel, Switzerland) were then added to the suspension. Tumor pieces were allowed to settle prior to collecting the supernatant and filtering through a 70-μm membrane filter (BD Biosciences, Franklin Lakes, NJ). Filtered supernatant was centrifuged at 1000 rpm for 5 min at room temperature (r. t). The cell pellet was then resuspended in fresh media and plated as usual.
Sodium L-ascorbate, CBX, glycyrrhizic acid (GZA), and N-acetyl-cysteine (NAC) was purchased from Sigma-Aldrich (St. Louis, MO). GZA is structurally similar to CBX without its ability to block gap junction communication; GZA serves as the inactive analogue control for the CBX. MnTnBuOE-2-PyP 5+ was synthesized by us [16] .
TRAIL Conditioned Media (TRAIL-CM) Collection
TRAIL-CM was obtained from HGCX-TRAIL-transduced MSCs [7] . MSCs were transduced at multiplicity of infection (MOI) of 1, and after 24 h, CM from transduced MSC was collected and subjected to centrifugation at 1000 rpm for 5 min. TRAIL-CM was quantified using the human TRAIL/ TNFSF10 Immunoassay Kit (R & D Systems, Minneapolis, MN) according to the manufacturer's protocol. Absorbance reading at 450 nm was obtained by the TECAN plate reader (Männedorf, Switzerland).
Cell Counting Kit 8 (CCK-8) Cell Viability Assay
Cell viability assay was determined using Cell Counting Kit-8 (CCK-8) solution (Dojindo Molecular Technologies Pte. Ltd., Japan), which is a colorimetric assay that measures dehydrogenase activities of living cells. At pre-determined assay time point, 10 % (v/v) CCK-8 solution was added into each well of 96-well plate and incubated for 1 h. Absorbance at 450 nm was obtained by Victor 3 V microplate reader (PerkinElmer, Waltham, MA).
Immunoblotting
Cells were harvested and pelleted prior to lysis with lysis buffer containing 50 mM Tris-Cl, 150 mM NaCl, 0.5 % SDS, 1 % Triton X-100 with protease inhibitor cocktail (Roche). 50 μg of total protein lysates were resolved on 12 % SDS polyacrylamide gel (SDS-PAGE), transferred to polyvinylidene difluoride (PVDF) membrane (Millipore, Darmstadt, Germany), and probed with the following primary antibodies: caspase 3, Bcl-2, Bax, Bid (1:1000; all from Cell Signaling Technology Inc., Danvers, MA) and pan-actin antibody (1:10,000; NeoMarkers, Fremont, CA). Goat anti-mouse HRP-conjugated secondary antibody (1:10,000, Dako) or goat anti-rabbit HRP-conjugated secondary antibody (1:10,000, Dako) were used. All antibodies were diluted in blocking buffer [5 % bovine serum albumin (Sigma-Aldrich), 10 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.1 % Tween-20 (Merck)]. Protein bands were visualized using chemiluminesence by adding ECL substrate solution containing luminol in peroxide buffer (Thermo Scientific) to the membrane for 30s. Protein expression was quantified using MetaVue software (Molecular Devices, Sunnyvale, CA), normalized against actin levels.
Cell Death Assay
Cell death was determined using trypan blue dye exclusion assay. In brief, cells were harvested by trypsinization and resuspended in 1:1 ratio of PBS and 0.4 % Trypan blue dye (Sigma-Aldrich). Cells were incubated for 1 min prior to cell count. Cell death was expressed as percentage of blue cells over total cells.
Statistical Analysis
All statistical analysis was performed by student's t-test using Prism 3.0 (Graphpad Software Inc., San Diego, CA). p-value <0.05 was considered statistically significant.
Results
MnBuOE Enhanced CBX-Mediated TRAIL-Induced Cell Death in Glioma but not Immortalized Normal Human Astrocytes
Previously, we showed that concurrent treatment of human glioma cells with CBX and MSC-TRAIL markedly increase TRAIL-induced apoptosis in vitro and prolonged survival in intracranial-glioma bearing mice [7] . The enhanced efficacy Figure S1A) . In addition, a mitochondria-dependent amplification loop by activating Bid was observed (Supplementary Figure S1B) . Collectively, CBX but not its inactive analogue GZA could promote apoptosis in the presence of MSC-TRAIL. Since CBX is known to induce oxidative stress, we hypothesized that the addition of another potent mediator of oxidative stress, powerful SOD mimic could further enhance TRAIL-driven therapeutic efficacy in glioma cells. The effect of MnBuOE on the viability of ΔGli36 and iNHA cells was first determined by exposing the cells to a range of concentration of MnBuOE (Fig. 1a) . MnBuOE did not cause significant toxicity to the cells at lower concentration (≤ 50 μM) but affected iNHA viability at higher concentrations. The effect of MnBuOE in CBXmediated TRAIL-induced cell death was then evaluated. ΔGli36 cells were exposed to different concentrations of MnBuOE in combination with pre-optimized concentration of TRAIL and 100 μM CBX or GZA. The addition of MnBuOE could further enhance glioma cell death when compared to a single treatment (TRAIL) or double treatment (TRAIL and CBX) (Fig. 1b) . Collectively, the results showed that increasing the concentration of MnBuOE could induce glioma cell death in a dosedependent manner.
We then evaluated the effect of combination treatment at different time points. ΔGli36 and iNHA cells were exposed to combined treatment of TRAIL, CBX and MnBuOE (50 μM); their viability was then assessed by CCK-8 assay. As confirmed in Fig. 2ai , the triple combination of TRAIL, CBX and MnBuOE significantly enhanced ΔGli36 cell death at all-time points when compared to single (~20-42 % cell death) or double (~8-28 % cell death) treatment. The increase in glioma cell death was not seen when GZA was used instead of CBX (Fig. 2aii) . By contrast, the effect of the triple combination in iNHA cells was markedly reduced (~20-30 % cell death; Fig. 2bi ) when compared tõ 70-90 % in human gliomas Fig.( 2ai) . Even though the combination effect with 50 μM MnBuOE demonstrated the best efficacy (Fig. 1b) , this concentration was cytotoxic to the iNHA as reduced viability was o b s e r v e d i n t h e G Z A c o m b i n a t i o n t r e a t m e n t (Fig. 2bii) . Based on this, 25 μM MnBuOE was used in subsequent combination experiments. Taken together, these results suggested that MnBuOE could further enhance CBX-mediated TRAIL-induced cell death in glioma cells with minimal cytotoxic effect on iNHA.
Pre-Conditioning of Glioma Cells with CBX Makes Them More Susceptible to TRAIL + CBX + MnBuOE
We then asked whether pre-conditioning the cells with CBX could further enhance the efficacy. ΔGli36 cells were preincubated with 100 μM CBX for 24 h prior to exposure to combination treatment. The results showed pre-incubation of MSC-TRAIL CM treated cells with CBX further increased cell death by 21 % (Fig. 3a) when compared to cells without pre-incubation (Fig. 3b) . Similarly, the pre-incubation of MSC-TRAIL CM treated cells with CBX and MnBuOE also enhanced cell death by 7 % (Fig. 3b ) when compared to those without pre-incubation. Thus, subsequent experiments were performed by pre-incubating other MSC-TRAIL CM treated cells with CBX. MSC-TRAIL treated U87MG (84.5 % ± 2) and iNHA (82.5 % ± 1.4) resulted in a similar cell kill efficiency, suggesting that these cells were resistant to TRAIL treatment. Pre-treatment of these cells with CBX and CBX with MnBuOE could sensitize U87MG to enhanced cell death by~30 % and~39 % respectively. This was not observed with iNHA. In fact, the iNHA -treated with MSC-TRAIL CM and CBX pre-treatment (93.1 % ± 1.3) showed a higher cell viability compared to MSC-TRAIL CM alone (82.5 % ± 1.4). Taken together, these results indicated that pre-conditioning the cells with CBX could further increase the efficacy of a triple combination of TRAIL, CBX and MnBuOE. Such results might have been anticipated given the ability of CBX to impose oxidative stress and increase in H 2 O 2 which, being more expressed during 24 h, MnBuOE used in its H 2 O 2 -driven catalysis of critical signaling proteins (Fig. 4) .
Combination Treatment Significantly Enhanced Cell Death in TRAIL-Resistant Asian Primary Gliomas
In Singapore and Asian countries, the molecular signature of gliomas is neither well-defined nor documented. The latest information available in PubMed search is a study performed almost a decade ago by a local neurosurgeon in the "Journal of Neuro-Oncology", where he reported that the genetic profiles of Asian glioma patients did not appear to follow the conventional molecular pathways [48] . Thus, we firstly determined the TRAIL-responsiveness of three Asian glioma cell lines derived from Chinese GBM patients from Taiwan (GBM8401; GBM8901; G5T/VGH) and freshly isolated short-term GBM cultures derived from Singaporean patient (NNI23). As observed in Fig. 5a , all of the Asian primary glioma cell lines tested were TRAIL-resistant. By contrast, the glioma cell line derived from a Caucasian patient, ΔGli36, was TRAIL-sensitive. Double combination of TRAIL and CBX could improve their TRAIL responsiveness to different extent in GBM8401 ( Fig. 5b ;~33 %), GBM8901 ( Fig. 5c ;~40 %), G5T/VGH ( Fig. 5d ;~7 %) and NNI23 ( Fig. 5e;~17 %) . Furthermore, the presence of MnBuOE could significantly increase TRAIL-induced cell death of these TRAIL-resistant primary gliomas (Fig. 5b) . Taken together, these results demonstrated that TRAIL, CBX and MnBuOE could potentially be used to target TRAILresistant glioma cells.
Presence of Cellular Reductants Ascorbate and Thiols, Exemplified with NAC, Further Enhanced Cell Death
Ascorbate and thiols, most so glutathione, are major cellular reductants and are present intracellularly at high mM levels.
MnPs are known to readily couple with those reductants as soon as they enter cell. Such coupling plays major role in their actions [31] [32] [33] [34] [35] [36] . We thus explored here what would happen with TRAIL + CBX + MnBuOE once it is applied in animals or humans. Our experiment confirmed that the enhancement of CBX-mediated TRAIL-induced cell death by MnBuOE is indeed ROS dependent, as it has been potentiated by the redox-active MnP. The cytotoxicity was further enhanced by the additional source of reactive species -either ascorbate or NAC. ΔGli36 cells were subjected to 1 h pre-incubation with 10 mM NAC prior to the addition of combined treatment. NAC is commonly regarded as an antioxidant, but depending upon the cellular redox environment, it can act as a prooxidant also [31] [32] [33] [34] [35] [36] . As seen in Fig. 6a , NAC in its own right was able to rescue the cells from.
H 2 O 2 -based effects. Yet, presence of NAC did not rescue cells from the effect of triple combination treatment, involving MnBuOE, but further augmented glioma cell death by~80%. When MnBuOE was added into medium, it cycled with NAC, thereby increasing the levels of peroxides and in turn glioma cell death (Fig. 6a diagram) . We have reported such oneelectron redox cycling of Mn III P with different thiols (glutathione, cysteine and NAC) and provided evidence that it led to the generation of thiyl radical and reduced Mn II P [29] . Mn II P will in turn be re-oxidized with either oxygen or superoxide producing superoxide or peroxide, respectively [49] . We further confirmed this observation by utilizing another cellular reductant, ascorbate. The increase in cell death by~60% was observed with ascorbate addition as compared to TRAIL+CBX+ MnBuOE, which is due to the redox cycling of MnBuOE with ascorbate in a fashion similar to NAC (Fig. 6b diagram) .
Discussion
Malignant brain tumor tissues display high metabolic activity through the increased uptake of glucose compared to normal brain tissues [50] . The increase in metabolism, along with perturbed balance between reactive species (oxidants) and endogenous antioxidative defenses (such as SODs, GPx, catalases, peroxiredoxins), translate into high oxidative stress.
Such imbalance makes cancer cell more susceptible to any further increase in oxidative stress. Thus, modulation of intracellular ROS level to achieve threshold that induces cell death has been explored as potential strategy for cancer therapy. In this study, we demonstrated that redox-active compound, MnBuOE, could be used to enhance TRAIL-induced glioma cell death in the presence of a gap junction inhibitor. The combination therapy was effective against many of the patient-derived glioma cells which are TRAIL-resistant while only minimal cytotoxicity was seen in immortalized normal human astrocytes and will be further enhanced by endogenous reductants, ascorbate and thiols.
Our results showed that the combination treatment of TRAIL, CBX and MnBuOE promoted glioma cell death when compared to either single treatment of TRAIL or double treatment of TRAIL and CBX at 48 h and 72 h post-treatment (Fig. 2ai) . In comparison to the double treatment of TRAIL and CBX group, the addition of MnBuOE exhibited a greater inhibitory effect on cell viability at 72 h compared to 48 h. It is noted, however, that there was an overall increase in cell viability in all treated groups at 72 h, suggesting that a continuous replenishment of the combination agents may be required to maintain or enhance glioma cell death. By contrast, the addition of MnBuOE did not promote further the cell death in those cells treated with TRAIL and GZA, the inactive analogue of CBX (Fig. 2aii) . Our results also showed that pre-conditioning the cells with CBX ( Fig. 3a and  4a) , allowing for the amplification of oxidative stress, further enhanced TRAIL-induced cell death compared to TRAIL alone group or the group without the pre-conditioning step. Statistical analysis showed that enhanced cell death could be observed in ΔGli36 cells pre-treated with CBX (i.e. TRAIL+ CBX in Fig. 3a and 3b has a p value less than 0.001, paired TTEST), and in U87MG cells pretreated with CBX (i.e. the TRAIL + CBX group in Fig. 4a and 4b has a p value of less than 0.001, paired TTEST). CBX has recently been shown to reduce neuroinflammation and protect the mitochondrial functions in the rotenone model of Parkinson's disease [51] . Specifically, the expression levels of various inflammatory mediators such as COX-2, iNOS, and NF-κB were reduced in the presence of CBX.
Previously, we have reported that treatment of glioma cells with CBX alone induces expression of DR5, while the DR4 expression was not affected [7] . This was not observed with the control GZA. Recent analysis showed that CBX-treated U87MG and ΔGli36 cells could induce cell cycle arrest compared to untreated or GZA-treated control cells (data not shown). Moreover, such impact is differential and expressed on human glioma but not on immortalized human astrocytes. It is highly likely, given the ability of both CBX and MnBuOE to inhibit NF-κB, that this major transcription factor plays a role in our TRAIL + CBX + MnBuOE system. The synergistic/additive effect of TRAIL has also been reported with chemotherapeutic drugs, such as temozolomide and histone deacetylase inhibitors, in glioma cells [52, 53] .
Immunoblotting analysis on proteins involved in apoptotic pathways (Supplementary Figure S1 ) demonstrated no significant change in the expression of Bax protein in TRAIL alone, TRAIL + CBX, or TRAIL + GZA group. However, there was a significant downregulation of Bcl-2 expression brought about by the TRAIL + CBX group (Bax/Bcl-2 ratio = 1.82) Fig. 4 Enhanced efficacy of triple combination of TRAIL, CBX and MnBuOE was also seen in U87MG human glioma cells but not iNHA. a U87MG glioma cells and b iNHA cells were pre-incubated with 100 μM of CBX or GZA for 24 h. Cells were then subjected to combined treatment of TRAIL, CBX and MnBuOE for 48 h, followed by CCK-8 cell viability assay. n.s, p > 0.05; **, p < 0.01; ***, p < 0.001 which was not observed in the TRAIL alone or the TRAIL + GZA group (Bax/Bcl-2 ratio = 1.36 and 1.23 respectively), suggesting that CBX promotes TRAIL-induced apoptosis via down-regulation of anti-apoptotic proteins as one of its key mechanisms of action (Supplementary Figure S1) . Further, the ratio of cleaved caspase 3 to pro-caspase 3 was 0.69 in cells treated with TRAIL and CBX, while the ratio was only 0.33 when the inactive analogue GZA was used instead. The ratio of caspase activities with TRAIL alone, CBX alone and GZA alone were 0.38; 0.38 and 0.35 respectively. This finding, together with findings published by us [7] and other groups [13, 54, 55] , reconfirms that CBX modulates proteins involved in apoptotic pathways. The upregulation of proapoptotic caspase 3 as well as downregulation of antiapoptotic Bcl-2 by the action of MnPs in the presence of a exogenous source of H 2 O 2 has been reported [14, 26] . Such effect of MnP (in addition to the joint effect of TRAIL and CBX) contributed to the effects observed in this work.
Cancer cells are known to be under constant oxidative stress. While in normal cells H 2 O 2 is readily removed by redundant enzymatic systems, in cancer cells many of those, such as GPx, catalases and peroxiredoxins, are frequently down-regulated; in turn H 2 O 2 accumulates and affects proliferation and metastasis [21, 56] . Cancer cell may use high endogenous H 2 O 2 levels to its own advantage. However, if the levels of H 2 O 2 are excessive (induced by exogenous factors), cancer cell would undergo apoptosis [21] . MnP uses H 2 O 2 to promote apoptosis in cancer yet not in normal tissue as shown here and elsewhere [14] ; changes in levels of oxidative stress may render them sensitive towards assaults imposed by TRAIL. It was demonstrated that in vivo MnP readily cycles with different thiols: glutathione, cysteine, protein thiols and NAC [14, 29] . Thiols and ascorbate are major endogenous redox-active species that have protective roles regenerating other endogenous antioxidative defenses such as tocopherol, glutathione peroxidase and peroxiredoxins. However, in the presence of redox-active compounds (metal complexes, metal salts, Mn porphyrins, etc.), which catalyze the oxidation of thiols and ascorbate, the excessive amounts of H 2 O 2 are produced as indicated in Fig. 6 . It is critical to understand the behavior of our TRAIL + CBX + MnBuOE system once it reaches cell and encounters different redox-active species/systems. It is in particular important to address the reaction of such system with endogenous antioxidative species (such as GSH, cysteine, ascorbate, protein cysteines) as they are present in vivo at high concentrations and favor reactions with MnP. Due to compromised balance between reactive species and cellular antioxidative defenses, cancer cell can tolerate much smaller increase in oxidative stress burden than normal cell. This is routinely used for therapeutic purposes where oxidative stress burden of a cancer cell is increased with different strategies such as radio-and chemotherapy. In our case such system TRAIL + CBX increased oxidative burden inducing cancer cell death. The cytotoxicity was further enhanced by the addition of MnBuOE. This strongly suggests that further perturbation of cellular redox environment was inflicted by the addition of MnBuOE to TRAIL/CBX. The perturbance in redox environment inflicted by CBX, presumably resulting in increased levels of reactive species was used by MnP in the catalysis of oxidative processes. No impact was observed when CBX-inactive analog GZA was used. The effect is further increased when another redoxactive compound, either ascorbate or NAC, was added to TRAIL + CBX+ MnBuOE. Earlier reports demonstrated that H 2 O 2 is produced during cycling of either MnP/ascorbate or MnP/thiol (depicted in Fig. 6 and in Scheme 2). In such scenario Mn III P gets reduced readily with ascorbate or thiol in a 1st step producing either ascorbyl or thiyl radical, respectively. Mn [26] . Such oxidative modification prevents NF-κB activation and promotes cell apoptosis; indeed a large impact on caspases was demonstrated [26] . Additionally, impact of MnP/H 2 O 2 on the inactivation of complexes I and III of mitochondrial respiration, via oxidation of their thiols, was seen in cancer cell but not in normal cell resulting in suppression of mitochondrial function and ATP production [25] . The suppression of glycolysis by MnP/ chemotherapy was reported also [25] . Such data are in agreement with earlier data [51] which indicate that CBX alone also suppresses NF-κB signaling and in turn levels of COX2 and iNOS. CBX was also found to suppress mitochondrial respiration [51] .
Our data are further in agreement with the impact of mitochondrial dysfunction on suppression of cancer cell resistance to TRAIL. Different natural and synthetic compounds can potentiate TRAIL-induced apoptosis in malignant melanoma cells while sparing normal cells [37] . These compounds include a major garlic organosulfur compound, diallyltrisulfide, H 2 O 2 , and mitochondrial metabolic inhibitors such as roten o n e , a n t i m y c i n A , a n d c a r b o n y l c y a n i d e -ptrifluoromethoxyphenylhydrazone, FCCP [37] . All of those induce robust membrane depolarization prior to apoptosis. Based on substantial evidence, provided by us, and those of Fig. 5 Triple combination could enhance TRAIL-induced apoptosis in resistant Asian primary GBM. a Short-term culture of Asian primary glioma cells was exposed to TRAIL for 72 h. Cell death was determined with trypan blue dye exclusion assay. Asian primary glioma cells, b GBM8401, c GBM8901, d G5T/VGH, and e NNI23 were preincubated with 100 μM of CBX or GZA for 24 h. Cells were then treated with combination treatment of TRAIL, CBX and MnBuOE for 48 h, followed by CCK-8 cell viability assay. n.s, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001 others as discussed above, all of those effects have likely been implicated in the action of individual components and their combination, TRAIL + CBX + MnP + ascorbate/thiol. Akita et al. also showed that cancer cell may be sensitized to TRAIL if mitochondrial metabolism is perturbed [57] .
Based on the established impact of individual components of our system, TRAIL, CBX, MnP and cellular reductants on mitochondrial respiration/energetics and NF-κB, it is highly likely that the combined TRAIL + CBX + MnP + ascorbate/ thiol system exhibits cancer cell cytotoxicity and in turn its death via same pathways.
It has been reported that TRAIL + CBX induce oxidative stress via increasing H 2 O 2 levels. Our data (where CBX works and GZA does not) suggest that CBX and TRAIL are involved in MnP-driven perturbation of cellular redox environment resulting in cancer cell death. MnP can increase H 2 O 2 levels in the presence of TRAIL + CBX and/or employ H 2 O 2 originating from the action(s) of TRAIL + CBX, to oxidize thiol-bearing proteins thereby affecting cellular transcription, caspase-based apoptosis, NF-κB activation and mitochondrial respiration. Substantial amount of evidence has been reported on such actions of MnPs [14, 15, 18, [25] [26] [27] [28] . All processes will be enhanced with the addition ascorbate and thiols (for further reading see [15, 58] .
Another possible variable that might have played a role in our system is the secretome from MSCs. Human MSCs have been shown to constitutively express high levels of glutathione, low levels of intracellular reactive species, as well as other relevant enzymes required to efficiently manage oxidative stress [59] . Conditioned medium derived from MSCs can possess an antioxidant effect as potent as 100 μM of ascorbic acid [60] . Recently, human Wharton's Jelly-derived stem cells (hWJSCs) were demonstrated to increase intracellular hydrogen peroxide levels with simultaneous suppression of GPx activities in lymphoma cells when exposed to the conditioned media of hWJSCs, resulting in lymphoma cell death [61] . Likewise, it is possible that presence of MSCs secretome in our system may have also contributed to the observed effect. We have tried to measure the total level of intracellular ROS at 48 h post-treatment and found that MnBuOE alone generated exceptionally high levels of intracellular ROS (Mean ΔRFU 5194 ± 122; data not shown). Although in the presence of TRAIL and CBX, the intracellular ROS level was slightly reduced (Mean ΔRFU 4898 ± 45; data not shown), it was still approximately four times higher when compared to TRAIL and CBX double treatment group (Mean ΔRFU 1121 ± 39; data not shown). Despite so, the observed cell death did not seem to be directly associated with the total level of intracellular ROS since cells treated with MnBuOE alone were very much viable. More importantly, as discussed above, the balance between the production of peroxide and its removal may be critical. Thus, better characterization of the superoxide dismutases, catalases, glutathione peroxidases, peroxiredoxins and thioredoxins -their expression and activities -in cells under various treatment conditions requires further investigation.
The role of ROS in glioma stem cells has been recently explored. Sato and colleagues showed that an increase in the intracellular ROS levels in glioma initiating cells resulted in the loss of self-renewal properties and promotion of differentiation [62] . Furthermore, persistent elevation of ROS, in particular O 2
•¯, has been implicated in enhanced resistance in glioma propagating cells. Koh and colleagues demonstrated that the ratio of O 2
•¯t o H 2 O 2 dictated the sensitivity of those cells [63] . Depletion of this ratio, i.e. increase in H 2 O 2 levels, rendered these cells sensitive to drug-induced apoptosis [63] . Therefore, our strategy to increase intracellular H 2 O 2 levels by MnBuOE, enabling its cell death-promoting catalytic actions, may be advantageous as it can potentially target glioma stem cells.
Conclusions
We have demonstrated that combined treatment of TRAIL + CBX + MnBuOE exhibited preferential cell death induction in human glioma cells but not in immortalized normal human astrocytes. Our data further demonstrate that in the presence of exogenous cellular reductants (ascorbate and thiol) the effect of TRAIL + CBX + MnBuOE will be further enhanced. MnBuOE uses H 2 O 2 , either derived from oxidative stress imposed by CBX+/−TRAIL or via redox cycling with ascorbate and thiols, presumably inhibiting NF-κB, mitochondrial respiration, energy production and glycolysis thereby inducing cancer cell death. Much lower levels of H 2 O 2 in normal cells, Scheme 2 The proposed impact of MnP/H 2 O 2 -based redox system [TRAIL + CBX + MnBuOE + Ascorbate/Thiol(NAC)] on cellular metabolism maintained by redundant endogenous H 2 O 2 -removing enzymes, will prevent such oxidations to occur at high yield. Modest inhibition of NF-κB would moreover suppress excessive inflammation and rescue normal cell from damaging side effects of cancer treatment. Importantly, we demonstrated that this combination therapy was effective against many of the patient-derived glioma cells, which are TRAIL-resistant presumably by sensitizing cancer cell to TRAIL via MnP-based perturbation of its mitochondrial function. The clinical relevance of our studies is strengthened by the fact that MnBuOE is entering Clinical Trials at Duke University on glioma patients as a radioprotector while at the same time being tumor radiosensitizer.
